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In-Space Fabrication and Repair Research:
An Industry - NASA - Academia Technical Forum
July 8-10, 2003

*
Laser Engineered Net Shaping (LENS™),

is a registered trademark of Sandia National
Laboratories
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» CAD Solid Model

* Electronically Segmented
Into Horizontal Layers

» Scanning Patterns Created
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ERShaping (IEENST)

Laser Powder Deposition
Forms Part Line by Line
Layer by Layer

Without Tooling
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Additive Forming Process

QuickTime™ and a
Cinepak decompressor
are needed to see this picture.

QuickTime™ and a
Cinepak decompressor
are needed to see this picture.
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316 SS Highest Strength Sample 010996-V

Ultimate Tensile Strength 115 KSI vl Soeed <101

. . rave eedads = Ipm
Yield Tensile Strength 85 KS| Molten Pool Width < 0.040 in.
Total Elongation in 1 inch 30 pct
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o B U S SIEEREE 250 um
o : frall £ gl 250 pm
FR5 FR3
Ratio = 600 Ratio = 600
Power = 300 W, Power = 300 W,
Speed = 30 ipm Speed = 30 ipm
PFR = 30 PFR =20

Opti-mec

NASA _InSpaceFabMa




VichestitcitrENeenineNsasedrontiemperature Distribution
anENpElcAaiENemNHIgh SpEEd Imaging ol Deposition

00
T(K
sl
=00
.

“Image” of Melt Pool
As Viewed Through Laser Optics

Imaging
. On Board Sy Through

Processor the Laser
Optics
High Speed beam splitter
Video _

LENS™ Laser

- 1 -"
i of

. :
L0
ﬂ_.-

NASA _InSpaceFabMatls5.ppt:JES/8724



J\]JQ\/]s‘a SHOW DIITErenc
DERPENUINGIONIEIOCESS

—

OuickTime™ and'@ QuickTime™ andia
Vldeo 1 decompres Soft Video 1 decompresse

FI” “BOrder” p
~z'mec

NASA_InSpaceFabMa From Hofmeister, et. al =3 10



Microstriiciurelcontrol

Cooling Rate at Solid Liquid Interface of Line Builds
Suggests Rapid Solidification Deposition Conditions

* 35 cm/min
B 45 cm/min

2 55 cm/min
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From Hofmeister, et. al

The cooling rates were calculated from image data frame by frame, and the standard
deviations of these measurements for each file are shown in the error bars.
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Rapid Solidification

Novel Microstructures

» Amorphous Solids

» Deep Eutectics

» Metastable Crystalline Phases
» Supersaturated Solid Solutions

Refined Microstructures
(fine-scale)

|« Micro-constituents
| e« Dendrites
/| e Grain Size

Conventional Microstructures
(coarse)
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MicrostiictiureNoonino)

For Fe-25wt.%Ni: A, =60
plate

: 2=3um
e=1x10* K /s
Opti-mec

e=150K /s
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Conventional Process

(grain size = 50 um)
ASTM 6
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Progadrilas

Mechanical Properties of Processed Materials
Those of Wrought Annealed Barstock

LENS™ Wrought
316 SS 316 SS

YTS (KSI)

et (%)

Strength is Enhanced with No Loss of Ductility

. . N Lania
Optemec | () -
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stent with
Ize Relationship

Conventional |

Hall-Petch Yield Strength (o) = K (d)2

(10)'2 = 3 fold increase
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nealed 316/'SS

YTS =921+ 3.9x10°P2 - 7.28 x 102 P

Annealed 316 SS
YTS = 35 KSI
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Coolirle) ptclie cllel Coplife) NEIFEl[gs) 4

¥ 11.1_111

Lower Cooling Rate: Higher Cooling Rate
Largest Grain Size Smallest Grain Size

FR7
FR4

Faster Cooling Rate Gives
Smaller Grain Size and Should Provide Higher Strength.

Opti-mec
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DislocationibensityisSimilartorAnnealed Condition
SUtDoesiVanawithiProcessiConditions

Typical Dislocatic
g =

er Cooling Rate
FR7
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IS HaVe Been Processed |

(ah

ANWAlEWAGRIVIED

« Stainless steels: 316, 304L, and 309S
* Nickel alloys: 718, 625, and 690
* Tool steel alloys

« (H-13, Nu-Die EZ, MM-10, CPM-10)
It (GAISAV)
* Limited Amounts of:

s Aluminum

o lanium Aluniniae (V)

* Tungsten

« Cermets
Magnetic alloys

Dpti=m
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Strengths: Low vs. High Power

o

UTS (KSI) Low P  UTS (KSI) HighP  YTS (KSI) Low P UTS (KSI) High P
Property

. . T Lania
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Ductilities: Low vs. High Power OMAX |

= MIN
OAVG
OSTDEV

31.8

et (%) Low P et (%) High P RA (%) Low P RA (%) High P
Property
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Finer Structure

e owWer

ligh

I
I

S
)
3
o
o
'
)
3
)
|

!
:

—
-
-

Opt

paceFabMatls5.ppt:JES/8724

NASA_InS



18 microns 128 microns

* Acicular alpha (hcp phase; light phase)

* Intergranular beta (bcc phase; dark phase) titanium.

» The acicular a transformed from the beta phase during cooling from above the beta transus (883 °C).

» The alpha phase forms by nucleation and growth on crystallographic planes of the prior beta.

* Leads to packets or colonies of alpha aligned in the same orientation. Multiple orientations of alpha
yield the basket-like appearance observed in this microstructure.

Opti-mec
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EnhancediViechanicalrProperties CamBe
Viaintaimediat BulldiRates up to 16 cc/hr”

¢ 0.25 mm Layer Increment
m 0.38 mm Layer Increment
A 0.51 mm Layer Increment

+ 0.25 mm Layer Increment
= 0.38 mm Layer Increment
i A 0.51 mm Layer Incremen
]
10.0 15.0 - : 5.0 10.0 15.0 20.0
Build Rate (cc/hr) Build Rate (cc/hr)
Yield Strength is weakly dependent Ductility (pct elongation) appears
on build rates investigated independent of build rate with one

. exception
* 1.0 in3/hr) P
r rﬁ Canoin
‘~R ppt:JES/8724 - Lsatniesl:




Properties After HIPping:

Ultimate
Tensile

Elongation
RA

*10.0 in®/hr)

NASA_InSpaceFabMa

133 KSI
118 KSI

14 %
37 %

Sample ID
plate, trans.
plate, align
LENS-SNL
LENS-Optomec
Specification

Other Data for Comparison

UTS (KSI) YTS (KSI)

151.7
154.7
145.0
170.0
140.0

146.3
148.0
135.0
155.0
120.0

Dpti-mec

et (%)
16.4
16.0
15.0
11.0
10.0
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Features Relatedito In-Space Fabrication
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LENS Proeas
Jer)JnAnt

60° Overhang 45° (fverhang

Started at 17° from Vertical Overhang
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Is of Interest to DoD
anagement Applications

For Metal Matrix Composites:
Have Achieved a More Uniform and
Larger Volume Fraction Particulate

Than Alternate Processing

) Technologies
For Aluminum Alloys:

Have Demonstrated Ability
to Make Hollow cylinders
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Using LENS™ Process to Fabricate Nano-
Crystalline Hard Materials

Tungsten carbide (WC) has
exceptional hardness and
wear/corrosion resistance.

* Introduction of Co as a binder
(in a range of 3% to 30%) can
improve the overall toughness
and avoid brittle fracture of
the wear resistant WC phase

« Hardness Is Increased by
Decreasing grain/particle size

 But decomposition of WC into
brittle phases (into W,C, or
Co,W,C,) can form in Spray
deposited material causing
sliding and abrasive wear

increased thermal stability
of WC has been realized

(Short
high-temperature duration time
and nearly oxygen free
environment)

1) Sand Notora Lot QR




LENS™ Processed
SX 432 Grade Nanocrystalline WC-18 wt.% Co powder
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(a) Low magnification
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QuickTime™ and a
Intel Indeo® Video R3.2 decompressor
are needed to see this picture.

Jelgiatilelg 1/4 inch
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